Thermal management of concentrated photovoltaics (CPV) is necessary in order to optimize cell performance and prevent thermal damage. In order to evaluate the performance of cooling methods, physical simulations of cell heating are used to reproduce the thermal profile without the need of a high flux solar simulator or actual cells. Through using resistive heaters built into the same geometry as a CPV module, cooling system designs can be tested achieving similar power distributions as those predicted through multiphysics modeling. Further, the physical model allows for the testing of thermal and solar power limits and performance in a range of non-ideal condition Index Terms -concentrated photovoltaic, active cooling, physical model, passive cooling, thermal management
I. INTRODUCTION
One ongoing issue with concentrated photovoltaic (CPV) systems is the ability to cool the cells to optimal operating temperatures [1] . Not only does the solar conversion efficiency decrease with increasing temperature, but a number of module and panel components, including encapsulant, metal interconnects, etc., suffer from thermal fatigue due to the high temperature differentials throughout a solar cycle. This can drastically shorten the lifetime of a device, increasing the cost of maintenance and overall levelized cost of electricity (LCOE). This creates a need for thermal management systems capable of maintain operating temperatures below both critical and fatigue limits. For CPV applications, active cooling systems are predominantly used due to their superior cooling power. Active cooling methods typically use a closed loop to flow coolant behind the module and expel the heat off panel using a heat exchanger [2] - [3] . Novel designs for more efficient cooling methods are being developed and require protocols to characterize their performance.
In order to minimize the heat absorbed by the cells or support structure, and to capture infrared (IR) light for thermal energy storage and utilization, a transmissive CPV module has been developed [4] - [5] . The module assembly consists of 5 layers, including transparent encapsulant and front/back windows and three IR transparent III-V junctions (Fig. 1) . This architecture allows for IR wavelengths to pass through the cells and the module without significant absorption, eliminating a large fraction of the heat absorbed by CPV systems (~44% of total incident energy). By constructing the module to be transparent to IR light, the cooling requirements can be reduced, allowing the system to achieve lower operating temperature and requite less input power. This requires using a cooling system that allows the IR light to pass through the system entirely without risk of radiation back into the cells. The proposed work utilizes transparent active cooling. Much like other system designs, this methods needs rigorous characterization before field testing in order to save time and resources.
To accurately evaluate the performance of cooling method, a solar intensity profile matching that of cells in concentrated sunlight must be created. Although the most realistic testing method would utilize a high flux solar simulator and fabricated multijunction cells, such a measurement is non-trivial and resource intensive. A similar approach could be employed utilizing a material of similar absorptivity but without full fabrication processing, reducing the experimental cost but still requires the development and calibration of a solar simulator.
Even simpler yet and without the need of a solar simulator, thermal generation within the CPV cells can be represented using ceramic resistive heaters.
II. EXPERIMENTAL DESIGN AND SIMULATIONS
In order to characterize the thermal profile of a CPV module exposed to up to 500x suns, our approach utilizes ceramic resistive heaters of equivalent size and arrangement to mimic the heat output of individual cells from the absorption of UV and visible light. The heat output of individual cells was determined using a multiphysics ray trace simulation to evaluate the distribution of light on the cells, coupled with device models and experimental data. The thermal profile of the simulated module, incorporating innovative cooling concepts, is measured using a combination of an IR camera mounted above the module and thermocouples embedded into the module at points of interest. The "illumination profile", and therefore thermal profile, can be tailored to demonstrate the shifting of solar incidence over the course of the day taking into account obscuration, defects, tracker errors, weather, daily cycles, etc.
A. Solar Intensity and Thermal Profile Simulation
In order to determine the thermal profile of the cells, COMSOL Multiphysics ray tracing was used to project the spatial distribution of incident rays onto the CPV module surface from the concentrating dish. The incident illumination intensity distribution can be seen in Fig. 2 for a 1m 2 square dish. The central eight cells receive up to 500 suns worth of energy while the outer cells only achieve up to 200 suns. The absorbance spectrum of the cells was then used to calculate the total energy absorbed. To determine the heat generated in the cell, the electrical energy generated, based on cell efficiency, was subtracted from the total absorbed energy. This was done on a cell-by-cell basis. Due to the Gaussian distribution of the spot, some cells have a large gradient of intensities. For these cells, the average intensity was used.
B. Cooling Simulations
Active cooling was simulated by running a fluid channel boundary condition beneath the area of the cells. A total of 7 channels were simulated, matching the 7 columns of cells. The cross section of the channels were set to 5.5 mm wide by x 0.1 mm deep. The flow was directed from the bottom to the top of the array (Fig 3. ) with a mean velocity was set to 0.5 m/s. The body of the module was composed of a stack of 1 mm sapphire window and 20 μm encapsulant with GaAs cells. All boundaries of the module besides the area under the cells was set to a heat transfer coefficient of 2 W/m 2 /K. Fig. 3 shows the resulting temperature profile based on the intensity profile in Fig. 2 and the cooling model discussed above. As can be seen, the temperature distributions has the same radial symmetry as the irradiance simulation with a slight shift towards higher temperature towards the top of the array as that is towards the end of the coolant flow path. As the active cooling channels apply cooling power equally to all of the cells, the temperature distribution is narrower for the active case. This is advantageous in CPV systems as it helps to keep the cells operating closer to the same temperature which minimizes voltage and current gradients within the system.
C. Physical Model: Mock Module
Using the expected thermal power generated in each cell, an equivalent circuit was designed using resistive heaters to represent cells (Oasis Materials, Poway, CA). To improve the physical model accuracy, resistive heaters of the same size (5.5 x 5.5mm) were used. 48 heaters were soldered into a PCB with vias leading to the perimeter to allow for a wiring into the power supply (Fig. 4) . The circuit heats via resistive joule heating and utilizes a current divider circuit to distribute heat as desired. Each resistive elements' heating power is controlled by a mechanical potentiometer variable resistor in series with each heater. These two components make one branch of the system. All of the branches are connected in parallel with all other to a Tektronix 80V, 40.5 A (1080W) DC power supply. From the ray trace simulations it was determined that the heaters would need to produce 0.8-3.5W in order to mimic the solar distribution from 100 to 500 suns. The amount of current going to each branch and corresponding heater is controlled by changing the resistance of the potentiometer in that branch. Each resistive heater is an aluminum nitride ceramic with a nominal resistance of 10 ohms.
The mock active module was assembled in a manner to achieve the same architecture as a real module. A 1 mm sapphire substrate was spin coated with 20 microns of PDMS encapsulant (Sylgard 184) in a two-step process (15 sec 500 RPM, 2.5 min 1000 rpm). The heater assembly was placed onto the window and weighted down to ensure contact between the encapsulant and the heater assembly. The encapsulant was cured at 80 °C for 1 hour to adhere the heaters to the substrate. Thermocouples were embedded between two heaters and a top layer of encapsulant was applied along with a top window of acrylic (Fig. 4) . 5 lbs. was applied to the top of the 80mm window of acrylic to help maintain contact during the curing process. The module was cured at 80 °C for 1 hr. The mock module was then mounted into the cooling system for testing.
D. Cooling Systems
The active cooling system used an aluminum channel plate with 100 μm deep channels machined into the surface. This was mounted into a PLA 3D printed manifold collar with a single inlet and outlet. The mock module is placed onto the cooling channel plate and aligned so that the cooling fluid flows directly underneath the resistive heaters. (Fig. 5) . The collar is designed as to press the module into firm contact with the channel plate. This pressure was sufficient to keep water contained with the microchannels.
The cooling fluid is pumped using a TCS micropump (Kent, UK). The flow rate is measured immediately after the pump by a float flowmeter with built in flow control. Thermocouples are mounted on the inlet and outlet of the cooling system in order to determine the total heat extracted by the cooling system. This is calculated using (1).
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E. Temperature Monitoring
The module is mounted into an 80-20 scaffold onto 4 thin screws, preventing contact with other potential cooling sources. A midrange infrared camera (Optris GmbH) with a wide-angle lens (spatial resolution of 0.1mm) is mounted above the module to measure the spatial temperature distribution within the module. To ensure consistent temperature measurements, 2 thermocouples were placed between two heaters and at the corner in the module as a redundancy to the IR camera (Fig. 4) . The measurements from the IR camera and thermocouples were collected and analyzed through LabVIEW. The final efficacy of the cooling methods is evaluated based on the temperature distribution for the power output determined by the COMSOL ray trace and temperature stability of the module.
III. RESULTS Fig. 6 shows a typical heating and cooling cycle as measured by the thermocouples by the inner ring of 8 heaters and the inlet and outlet water temperature as a function of time. The heaters were tested under the highest cell concentration, as determined by the raytrace simulations (550x, 3.5 W/heater), to demonstrate the effect of cooling. The system was allowed to heat until it reached a temperature of 100°C at which point the cooling was turned on to prevent standing water in the channels from boiling. In order to match the simulated mean velocity, the coolant flow rate was set to 113 ml/min (1.8 gph). At (2) the cooling system was activated which can be seen by the rapid drop in temperature on both thermocouple heaters and the increase in outlet temperature of the water. The spike in outlet temperature is due to the water sitting in the channels during the heat up time. After a at least 2 minutes of steady state for Toutlet and the Heater (3), the heaters were turned off and the cooling system brought the module back to near room temperature in approximately 90 seconds. Table 1 summarizes the results from high temperature testing with the power to each heater reflecting the heat produced under a given concentration as shown in Fig. 2 . The outer, middle, and center concentrations are the average concentrations for the 24 outer ring of heaters, the 16 middle ring of heaters, and the 8 inner heaters respectively. For each concentration and corresponding power, the temperature drop between the heater and the inlet water temperature was measured while the cooling system was active (mass flow rate 1 g/s, coolant inlet temperature of 21 °C). From the data in the table general linear trend can be found between the average heater power and the temperature from between the heater and the cooling fluid (Fig. 7) . This can be used in conjuncture with the simulated concentration profile (Fig. 2 ) in order to determine the temperature drop for all heaters. From this, a peak heater temperature map at 40°C can be drawn in order to compare to the simulated temperature distribution (Fig. 9) . As shown, the maximum and average temperature for the experimentally derived temperature map is 8-9°C higher than the simulated results. One potential discrepancy is that the simulation does not include a contact resistance between the sapphire substrate and encapsulant or the heater and encapsulant. Further, the heater assembly does not have a perfectly flat surface, causing the potential for variation in encapsulant thickness between the heaters and the sapphire.
IV. CONCLUSION
Thermal management is an ongoing concern for CPV and especially hybrid CPV and solar thermal systems. In order to reliably predict the thermal and electrical performance of a module, cooling systems must be rigorously tested. By using a resistive heater based test bed, we have removed a number of issues associated with thermal testing, including high cost, rigidity of test conditions, and challenges in thermal visualization. The use of resistive heater mock heaters allows for a variety of thermal profiles to be assessed within the same test bed allowing for dynamic testing and thermal cycling, without the need for complex optics, photovoltaic cells, or high flux solar simulator equipment.
